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Abstract
Background: We have evaluated a sensitive screening assay for Mycobacterium tuberculosis (MTB) complex organisms
and a specific assay for detecting Mycobacterium bovis DNA in lymph nodes taken from cattle with evidence of bovine
tuberculosis. Underlying these series of experiments was the need for a versatile DNA extraction protocol which could
handle tissue samples and with the potential for automation.
The target for the screening assay was the multi-copy insertion element IS1081, present in 6 copies in the MTB complex.
For confirmation of M. bovis we used primers flanking a specific deletion in the genome of M. bovis known as region of
difference 4 (RD4). The sensitivity and specificity of these PCRs has been tested on genomic DNA from MTB complex
reference strains, mycobacteria other than tuberculosis (MOTT), spiked samples and on clinical material.
Results: The minimum detection limits of the IS1081 method was < I genome copy and for the RD4 PCR was 5 genome
copies. Both methods can be readily adapted for quantitative PCR with the use of SYBR Green intercalating dye on the
RotorGene 3000 platform (Corbett Research).
Initial testing of field samples of bovine lymph nodes with visible lesions (VL, n = 109) highlighted two shortfalls of the
molecular approach. Firstly, comparison of IS1081 PCR with the "gold standard" of culture showed a sensitivity of
approximately 70%. The sensitivity of the RD4 PCR method was 50%. Secondly, the success rate of spoligotyping applied
directly to clinical material was 51% compared with cultures. A series of further experiments indicated that the
discrepancy between sensitivity of detection found with purified mycobacterial DNA and direct testing of field samples
was due to limited mycobacterial DNA recovery from tissue homogenates rather than PCR inhibition. The resilient
mycobacterial cell wall, the presence of tissue debris and the paucibacillary nature of some cattle VL tissue may all
contribute to this observation. Any of these factors may restrict application of other more discriminant typing methods.
A simple means of increasing the efficiency of mycobacterial DNA recovery was assessed using a further pool of 95 cattle
VL. Following modification of the extraction protocol, detection rate with the IS1081 and RD4 methods increased to
91% and 59% respectively.
Conclusion: The IS1081 PCR is a realistic screening method for rapid identification of positive cases but the sensitivity
of single copy methods, like RD4 and also of spoligotyping will need to be improved to make these applicable for direct
testing of tissue extracts.
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Bovine tuberculosis is a chronic granulomatous disease
mainly affecting lymph node and lung tissues of cattle. It
is caused by Mycobacterium bovis, a member of the Myco-
bacterium tuberculosis complex group of bacteria. At the
genome level, M. bovis shares 99.95% identity with Myco-
bacterium tuberculosis, the agent of human tuberculosis [1].
The various ecotypes of M. bovis have a wide host range [2]
and can infect a variety of species such as badgers [3,4],
deer [5], smaller mammals [6] and diverse free-living and
domesticated species [2,7]. More exotic species may also
be at risk through the diversification of farming practices
[8,9]. Badgers and deer can become reservoirs of disease,
making eradication from the countryside difficult,
although the risks posed by each species are still the sub-
ject of research and debate. Humans are rarely affected,
but people in some occupations such as veterinarians,
farmers and abattoir workers may be more at risk [10-12].
In the UK, human cases tend to be isolated events with no
maintenance of the disease in the population [13].
Bovine tuberculosis (bTB) is not uniformly distributed
throughout Great Britain but concentrated in the south-
west of England and Wales. Broadly, these hot-spot areas
of disease match areas of highest cattle density in UK
herds. Cattle-to-cattle transmission is therefore a likely
significant route of infection which may be exacerbated by
the movement of infected cattle [14]. Surveillance testing
of cattle for bTB is carried out using the tuberculin skin
test. Positive reactors are slaughtered and examined post
mortem when tissues are taken for confirmatory testing by
culture. Herds in which a breakdown has occurred are
subject to repeat testing every 60 days until two tests are
clear. Approximately 6% of cattle herds were under restric-
tion at some point in 2005 because of a bTB incident. In
the same year, approximately 30,000 cattle (reactors,
incomplete reactors and close contacts) were slaughtered;
the financial cost of testing and in compensation pay-
ments to farmers amounted to £88 million. The trend is
for confirmed new incidents to increase by 18% per year
posing a growing risk to animal health and welfare and an
increasing financial burden for the taxpayer [15].
Routine culture and histology of lymph nodes both with
and without visible lesions (VL and NVL), are undertaken
to isolate and type the causative strain of the organism. In
2005, the last complete year for which figures are availa-
ble, 18,696 samples were sent for culture to the Veterinary
Laboratory Agency (VLA). Of these, 5,507 were from cases
with VL and 13,189 from NVL cases. A further 792 sam-
ples with VL were found during surveillance at the slaugh-
terhouse. In these cases, culture supported by histological
examination is used to confirm or rule out infection with
M. bovis. Culture results take at least 3 weeks but usually
take up to six weeks for paucibacillary specimens. The
diagnosis is made on morphological grounds by charac-
teristic appearance of the mycobacterial colonies on vari-
ous growth media. DNA prepared from cultures is used
for molecular typing studies including spoligotyping [16]
and variable nucleotide tandem repeat (VNTR) typing
[13,17].
In this setting, the development of a reliable and rapid
screening test would be of great help in the control of the
disease and in specific situations such as faster confirma-
tion of bovine TB infection in slaughterhouse cases.
Polymerase chain reaction (PCR) methods offer great
potential in this respect and several methods, including
real-time PCRs have been evaluated for bTB applications
[18-21]. These have been used in research applications
and epidemiological studies, but have yet to make signif-
icant impact on diagnostic procedures in the UK. With
information gained from the M. bovis sequencing project
[1,22], we have evaluated two PCR methods for possible
diagnostic use; a sensitive screening method and a specific
confirmatory test for bTB. Two separate studies were
undertaken on cattle lymph nodes with VL and the results
compared. Study 1 comprised of 109 lymph node tissue
samples with VL received in 2003 by the VLA, Weybridge
for M. bovis testing. Based on the PCR results obtained
from study 1, modifications were made to the DNA extrac-
tion procedure and the effects of these were evaluated in a




M. bovis positive isolates were identified according to their
growth characteristics and appearances on the Lowen-
stein-Jensen base (LJ), LJ plus glycerol (LJG), LJ plus pyru-
vate (LJP) and 7H11 slopes. The organisms grow poorly or
not at all on LJG. Rough, opaque colonies appear on the
other media. These float off when the slope is tilted and
the inoculum liquid residue at the bottom of the tube
washes across the surface.
Heat inactivation trial of M. bovis extracted in 
NucliSens™ buffer
No growth was observed in either the M. bovis standard
AF61/2122/97 or in the cattle sample (AF61/2834/02)
when these were taken into the guanidinium lysis buffer
(heated or unheated). In contrast, growth on 7H11
medium was observed in the control aliquots of AF61/
2122/97. Lysis buffer completely inactivated M. bovis cells
over 12 hours at 4C without the need for heat inactiva-
tion. The conclusion is that samples from cattle VL tissues
treated in this way can be safely processed outside of a Cat
III area.Page 2 of 11
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The IS1081 method was the most sensitive, detecting as
little as 2.35 fg DNA (0.5 genome copies), whereas the
RD4 method, which amplifies a single copy target, was 10
times less sensitive at 23.5 fg (5 genome copies).
Validation of IS1081 and RD4 PCR methods
The IS1081 method detected all of the MTB complex
strains tested including M. canetti, M. tuberculosis (H37Rv,
H37Ra, CDC1551), all microti reference and field strains,
the M. bovis strain AF2122/97, BCG Pasteur and the VLA
panel of 10 major spoligotypes. MOTT strains were not
amplified.
The RD4 method detected M. bovis AF2122/97, BCG Pas-
teur and the VLA panel of 10 different spoligotypes. No
products were amplified from other MTB complex mem-
bers (including the fur seal isolate) or any of the MOTT
tested.
PCR of field samples
Study 1. One hundred and nine samples were extracted
using the procedures described below. Cultures were set
up and compared with PCR methods for bovine DNA (cyt
b) and the M. bovis PCR methods using IS1081 and RD4.
In this study, 98/109 samples were found to be culture
positive and grew M. bovis. Of these, 69 were positive for
IS1081, a sensitivity of 70.4%. Three of the 11 culture neg-
ative samples were IS1081 PCR positive. The RD4 PCR
detected 49 of the 98 culture positives (50%). The same 3
culture negative samples were also positive by RD4 PCR.
The reasons for the low PCR sensitivity were investigated.
A modified hemi-nested IS1081 PCR method was used to
re-amplify DNA from all 109 samples. The sensitivity rose
by only 5% to 75.4% detected, suggesting that first round
PCR was efficient. The cytb housekeeper gene was success-
fully amplified from all tissues. These observations
implied that the level of DNA recovery from mycobacteria
was probably the cause for the low pick-up rate. A number
of experiments were performed to find the cause. Spiking
of control cattle tissue with different numbers of BCG cells
showed that recovery from these measured by real-time
PCR was as low as 22% of the theoretical added colony
forming units (cfu), determined by culture.
Three modifications were tried to improve the extraction
efficiency. These were 1. Bead beating (Ribolyser,
Hybaid), 2. Sonication and 3. Inclusion of an additional
step of 3 freeze-thaw cycles of crude extracts in liquid
nitrogen. For sonication, the Elma T 460/H ultrasonic
bath operating at 35 KHz was used (Elma, Singen, Ger-
many). Sonication for 15 minutes resulted in improved
recovery in some samples but resulted in PCR failures of
known positives and was therefore abandoned. This may
have been due to variability between tissue homogenates.
Bead beating was effective but more expensive and tubes
were prone to leakage, raising issues of cross-contamina-
tion for routine diagnostic use. In pilot experiments using
samples spiked with known numbers of M. bovis cells
determined by culture, freeze-thawing improved recovery
of added DNA by 3 -fold and could be achieved without
opening the tubes.
Study 2 PCR versus culture
A formal test of this procedure was performed by assay of
a further 95 lymph-node extracts from tissues with VL. Of
these, 86 were subsequently shown to be culture positive
for M. bovis, 9 were negative. Again, all extracts were PCR
positive for bovine DNA (cyt b). Seventy-eight of the cul-
ture positives were IS1081 PCR positive (91%). Seven of
the 9 culture negatives were also IS1081 PCR positive (Fig-
ure 2). Of 8 culture positive cases which were PCR nega-
tive for both IS1081 and RD4, 4 were reported as typical
of bTB with acid-fast organisms, one was reported as atyp-
ical in appearance and 3 were not done due to insufficient
tissue. The RD4 method detected 51 (59.3%) of culture
positives and 4 of the culture negatives. In both studies all
RD4 positives were also positive by IS1081 PCR.
Study 2 Histology
Sixty-seven of the 86 samples (78%) which were M. bovis
culture positive were reported as typical of bTB with pres-
ence of acid-fast mycobacteria. Ten of the remainder were
described as atypical in appearance. No histology report
was filed on the remaining 9 cases as there was insufficient
tissue available. Morphological appearances in 3 of the 9
culture negative cases were reported as typical of bTB with
acid-fast bacilli. Three were reported as atypical of bTB,
one was reported as actinobacillus and no report was filed
in 2 cases.
Study 2 Comparison of PCR with histology
Of the culture positive cases reported as typical of bTB
with acid-fast staining, 65/67 (97%) were IS1081 PCR
positive and 40/67 (59.7%) were RD4 positive. Ten cases
were atypical in appearance and acid-fast negative. Of
these 10/10 (100%) were IS1081 positive and 9/10 (90%)
were RD4 positive. Histology was not performed in 9
cases due to lack of tissue and of these, 6/9 (67%) and 5/
9 (55.6%) respectively were PCR positive by IS1081 and
RD4.
Quantitation of VL samples using QPCR
In a small pilot study, real-time QPCR was used to meas-
ure M. bovis DNA in cattle extracts. Ten IS1081 PCR posi-
tive VL extracts were measured. The results are shown in
Table 1. A wide variation in mycobacterial count was
apparent. The use of IS1081 PCR for quantitation assumes
that field strains of M. bovis contain the same copy
number of IS1081 elements as reference strain used inPage 3 of 11
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tion for UK isolates and the greater majority of M. bovis
strains likely to be encountered [23].
Spoligotyping of VL extracts from studies 1 and 2
Study 1. All but 2 of the 98 culture-positive samples from
the first study were successfully spoligotyped from cul-
tures using the standard protocol. Four spoligotypes, 9,
17, 11 and 25 accounted for approximately 80% of the UK
strains. The remaining isolates were spoligotypes 22
(6.1%), 10 and 20 (both 4.1%) and 15 (2%). Two spoli-
gotypes, 35 and 81, occurred once each.
Of 47 VL DNA extracts spoligotyped directly from study 1,
24 (51%) generated recognisable patterns. These were all
cases PCR positive by both RD4 and IS1081. A further 5
produced recognisable spoligotypes but with missing
spacers, probably reflecting a form of allele "drop-out".
The remaining 18 samples failed to give more than a few
spacers and no type could be determined despite the fact
that 13 of these were also PCR positive for IS1081 and
RD4. Spoligotyping of 38 samples from study 2 was per-
formed at VLA using the standard protocol (35 cycles of
amplification). Of these just 11 (29%) yielded a recognis-
able pattern, the remainder producing only a partial fin-
gerprint. Therefore, although a greater success rate was
obtained with the modified PCR procedure, these find-
ings were suggestive of poor DNA quality or quantity in
both studies.
Discussion
We have used a sensitive PCR based assay to screen cattle
lymph nodes with VL suggestive of infection with M. bovis
and have compared the findings with the gold standard
method of diagnosis using routine culture and with his-
tology. The IS1081 PCR was found to be extremely sensi-
tive as judged by detection of partially-purified
mycobacterial DNA, detecting less than one genome copy.
This is almost certainly due to the multi-copy nature of the
target [23]. The RD4 PCR was approximately 10 times less
sensitive but still able to detect the equivalent of 5 organ-
isms when using purified DNA.
The first study of VL extracts, in which only 70.4% of cul-
ture positives were also positive by IS1081 PCR, was there-
fore surprising. We judge that the measures taken to
overcome PCR inhibition were effective. We base this on
the successful amplification of the cytb housekeeper gene
product in all cases, on the formation of primer-dimer in
reaction tubes negative for IS1081 as well as on the IS1081
PCR success rate in study 2 (91% cf. culture). Hemi-nest-
ing of the first-round IS1081 products did not greatly
increase the pick-up rate by more that 5%, to 75.4%. This
suggests that the first-round was already optimised and
that DNA template may have been limiting. The second
PCR was specific for M. bovis and used primers flanking
the region of difference which defines this mycobacterium
[24]. In study 1, the RD4 assay detected 50% of M. bovis
culture positives. As the method amplifies a single-copy
target, some reduced sensitivity is to be expected com-
pared to IS1081 PCR. However, sensitivity of both meth-
ods was disappointing given the minimum detection
Gel electrophoresis of multiplex PCR products (IS1081 and cytb) run on 3% agar se gelFigu  1
Gel electrophoresis of multiplex PCR products (IS1081 and 
cytb) run on 3% agarose gel. Lanes 1 and 8: 100 bp DNA size 
markers. Lanes 2–6: samples of cattle LN with VL. All show 
amplification of bovine mitochondrial DNA (cytb product, 
arrow a) and those in lanes 2, 3, 5 and 6 are positive for the 
IS1081 product of 135 bp (arrow b).
Summary of PCR and culture data from study 2Figure 2
Summary of PCR and culture data from study 2. Numbers on 
the columns refer to the totals positive using each test. Com-
pared to the "gold standard" of culture 78/86 (91%) were 
positive using IS1081 PCR and 51/86 (59.3%) were positive 
by RD4 PCR.Page 4 of 11
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genomic mycobacterial DNA.
It is well accepted that the initial processing of mycobac-
terial samples can be problematical compared to eukaryo-
tic cells. We therefore embarked on a series of experiments
to determine the cause in this instance. Key amongst these
was the observation that the recovery of DNA from intact
cultured M. bovis cells added to crude homogenates could
be as low as 22% of the expected yield. Bead beating, son-
ication and freeze thawing in liquid nitrogen were exam-
ined for their ability to increase this yield. Using QPCR it
was found that simple "snap" freezing 3 times in liquid
nitrogen increased recovery of M. bovis DNA from intact
cells by a factor of 3. Subsequently, the routine Nucli-
Sens™ extraction procedure was modified to include this
step and the result compared with culture using a further
95 samples.
Results from the second study indicated a far greater over-
all sensitivity of the IS1081 screening PCR when the
freeze/thaw cycles were performed. The IS1081 sensitivity
rate for culture positives rose to 91% (78/86 cases). The
detection rate with the RD4 PCR also increased, to 59.3%
(51/86 cases). As found for study 1, both methods also
detected positives amongst the culture negative cases (7/9
for IS1081 and 4/9 for RD4). This probably reflects ampli-
fication of mycocterial DNA from non-viable organisms,
rather than contamination. All extracts prepared in study
2 were again positive for bovine DNA. The 91% sensitivity
achieved with IS1081 linked with a modified extraction
protocol, shows that this PCR would be a feasible addi-
tion to culture when rapid results are required. It is likely
that increase in sensitivity reflects greater recovery of
mycobacterial DNA. We speculate this stems from either
improved lysis of the mycobacterial cell walls or greater
dissociation of the DNA from particulate matter in the
crude homogenates, allowing improved recovery in super-
natants after centrifugation.
The sensitivity of PCR was found to be greater than histol-
ogy (91% vs. 78%) and there was no evidence to suggest
that most of the PCR negative samples were those with
few or absent acid-fast bacilli. Indeed, of 10 samples
reported as atypical of bTB, all were positive by IS1081
PCR. In light of these observations there may be a case for
reviewing the role of histology in the diagnosis of bTB,
possibly through comparison of the technique with quan-
titative PCR and culture of material with visible lesions.
Examination of the literature reveals the importance of
the extraction step. Mycobacteria present some well recog-
nised problems not generally encountered with other bac-
teria or eukaryotic cells and these are related to the robust
mycobacterial envelope [25,26]. PCR methods should be
assessed as a combination of both DNA recovery and the
PCR. The extraction procedure should deliver effective
lysis of mycobacteria, good recovery of the DNA from a
complex mixture of tissue debris and lastly, removal of
PCR inhibitors. A number of studies have addressed the
problem of initial processing of mycobacterial samples
and a number of procedures are described. These range
from simple boiling and centrifugation [27], trapping of
DNA on chelex resin [28], bead-beating [29], sonication
[30], enzymic digestion [31], sequence capture [19,32],
commercial kits with lysis reagents [33] and combina-
tions of these various approaches [28]. Several of these
studies have compared procedures, often with differing
conclusions. The literature is particularly complex on this
subject and reflects the fact that groups have compared
different versions of the same general method, tested dif-
ferent samples and assessed recovery using different crite-
ria. For example, the ability to obtain a PCR product or
not on known culture positives [27], the absorbance
(OD) of recovered DNA [29] or real-time PCR to quanti-
tate the DNA [33]. It seems fair to conclude that there are
a number of different methods which can be made to
work effectively if sufficient steps are included to satisfy
the three main criteria listed above [34]. For routine diag-
nostic use, there are the further considerations of ease of
use, potential for automation and cost.
Silica-based methods of DNA extraction [35] have been
widely evaluated and found to be one of the most efficient
with columns generally more efficient than slurries [36].
However, homogenates from the cattle VL samples tested
were lipaemic and noted to block resin-containing col-
umns; therefore slurries of silica were used in the present
study. The guanidinium buffer was shown to inactivate
mycobacteria after overnight exposure, allowing process-
ing of samples to take place outside a category 3 contain-
ment laboratory. Minor modifications were made to the
standard wash steps (see Methods) to keep the silica free-
flowing. Whilst the NucliSens™ kit is generally good at
removal of PCR inhibitors, these were still encountered in
Table 1: Quantitation of M. bovis DNA in cattle VL samples
Sample VLA AF number M. bovis genome equivalents. RD4 PCR
1 61/3188/03 2.54 × 106 +
2 61/3461/03 104 +
3 61/3462/03 910 +
4 61/3609/03 486 -
5 61/3689/03 3,500 +
6 61/3692/03 1,114 +
7 61/3694/03 910 +
8 61/3709/03 3.606 × 105 +
9 61/3712/03 2,405 +
10 61/3714/03 2.393 × 104 +Page 5 of 11
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come their effect and additional Taq polymerase added.
QPCR using the IS1081 and RD4 methods was achieved
by the simple inclusion of the DNA intercalating dye SYBR
Green in the master mixes. SYBR Green provides an eco-
nomical means of performing QPCR and additionally
allows monitoring of conventional PCR. It was used rou-
tinely to optimise assay parameters, to follow product
development and to ensure reliability of contamination
measures. Melt analysis of amplicons formed at the end of
the run was generally found to be a good indicator of out-
come but we would still recommend gel electrophoresis
to confirm correct product size as occasionally negative
samples which generate a "ladder" of non-specific prod-
ucts are encountered and these can complicate interpreta-
tion of the melt profiles. Alternatively, Taqman™ versions
of the assays could be easily devised and these would pre-
clude the need for melt analysis or gel electrophoresis.
In a proof-of-principle study we applied QPCR to 10 VL
extracts using the IS1081 method. The results (Table 1)
showed mycobacterial copies in extracts ranging from a
few hundred genome equivalents up to over 2 million.
The paucibacillary nature of some of the extracts probably
explains in part the low sensitivity of the RD4 method as
only 5% of any extract was assayed in any PCR assay. Dilu-
tion to overcome PCR inhibition would have further
reduced this to as little as five genome equivalents in some
cases (e.g. sample 4, Table 1) bringing it near the limits of
detection. Therefore, our results suggest QPCR is best
undertaken with IS1081 PCR or other multi-copy targets.
Attempts at direct spoligotyping indicated that this tech-
nique could not be relied upon to produce a full finger-
print in up to 50% of VL samples. We consider that the
failure to generate a full pattern in these cases might be
due to either poor quality or quantity of DNA in some tis-
sue extracts or possibly, a combination of both. Spoligo-
typing is a form of multiplex PCR in that multiple loci
must amplify to obtain a complete fingerprint and multi-
plex PCRs tend to be less sensitive than those amplifying
single loci [37]. The quantitative PCR study on VL speci-
mens showed that the numbers of organisms in some
extracts was limited to a few hundred and when dilutions
are taken into consideration then DNA in aliquots would
be near or at the limits of detection of the PCR technique.
The use of primers flanking deletion regions in the M.
bovis genomes, which encompasses classic M. bovis sub-
species such as M. bovis caprae, M. pinnipedii and antelope
and other animal isolates, ensures a degree of specificity
not generally attainable for detection of pathogen DNA
particularly if sampling from problem sources such as fae-
ces, soil or other environmental material. We have previ-
ously used methods which exploit these one-way deletion
events for detection and categorising isolates within this
lineage, as have others [6,38,39]. An assessment of both
IS1081 and RD4 methods on environmental samples is
planned as part of a new DEFRA initiative in late 2007.
This will follow OIE criteria for validation and will be a
stringent test of the IS1081 PCR.
Conclusion
We suggest that the IS1081 PCR is a good candidate assay
for routine screening of cattle lymph nodes and other tis-
sues for M. bovis or other MTB complex infection. Efficient
DNA extraction is crucial to the success rate of PCRs
applied to such tissues, where mycobacterial numbers can
be low. The resilient mycobacterial cell wall, the presence
of tissue debris and the paucibacillary nature of some VL
tissue may all contribute to this problem. Any of these fac-
tors may restrict application of other more discriminant
typing methods.
Further quantification of numbers of bacilli in cattle
lymph nodes from VL and NVL cases is required to deter-
mine the proportion of samples in which PCR is likely to
be beneficial to diagnosis. The IS1081 PCR may also be
useful for reducing the total number of samples cultured.
Moreover, as the sensitivity of PCR was greater than histol-
ogy (91% cf. 78%) and results can be available within a
few days, there may be a case for replacing histology with
a molecular method.
Confirmatory and genotyping tests, like the RD4 PCR (or
multiple RD deletion typing) and other multiplex meth-
ods are unlikely to achieve a useful sensitivity in pauci-
bacillary specimens unless some way can be found of
improving assay sensitivity, such as single tube nested
methods. Similarly, spoligotyping and more discriminant
typing methods like VNTR are likely to be restricted to
multibacillary tissues or to DNA purified from cultures
unless some means can be found of improving method
sensitivities for routine diagnostic use.
Methods
Samples
Two separate studies were undertaken on cattle lymph
nodes with VL and the results compared. The samples
were all from skin test reactors, none were from slaughter-
house cases.
Study 1 comprised of 109 lymph node tissue samples with
VL assayed for M. bovis in 2003 by the VLA, Weybridge.
Based on the PCR results obtained from study 1, minor
modifications were made to the DNA extraction proce-
dure and the effects of these were evaluated in a second
study. Samples were stored before testing at -20°C.Page 6 of 11
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during 2004. These were stored at 4°C before extraction.
DNA extraction method for bovine tissue samples
Tissue homogenates were prepared using NucliSens™ kits
from bioMérieux. This system relies on initial cell lysis in
a 5M guanidinium buffer containing detergents followed
by trapping of released DNA onto silica beads and partial
purification with the DNA isolation reagents. This process
is based on the original Boom method [35].
Sterile scissors and forceps were used to sort through the
tissue samples, discarding as much fat as possible. A piece
of lesioned material was placed in a small pestle and mor-
tar (90 mm diameter) and 9 ml NucliSens™ buffer was
added together with 5 cm3of sterile glass beads. The tissue
was ground to a suspension and then transferred back to
the 9 ml buffer tube ready for DNA extraction.
Study 1. The manufacturers' instructions were followed
with modifications to cope with cattle tissue samples. The
9 ml size lysis buffer tube was used. Homogenates were
heated in a boiling water bath for 5 mins. and then stored
at -20°C until extraction was continued. When thawed,
samples were centrifuged at 2000 rpm (1,100 × g) for 5
mins. and the supernatants transferred into 15-ml conical
centrifuge tubes (Corning). Silica suspension (50 µl) was
added and the tubes were mixed on a rotating wheel (Stu-
art) for 30 mins. After further centrifugation at 2000 rpm
(1,100 × g) for 5 mins., the supernatants were discarded
into disposable 50 ml Falcon tubes ready for safe disposal
of the guanidine thiocyanate (GUSCN) lysis buffer.
The silica pellets were washed twice with each solution in
turn according to the kit instructions (GUSCN wash
buffer, 70% ethanol and acetone) except that double vol-
umes of each wash solution were used (2 ml). This was
necessary to remove tissue debris and lipid residues from
the silica, allowing it to form a suspension upon vortex-
ing.
The acetone was decanted and the silica allowed to dry at
room temperature (RT). DNA was eluted from the silica
with 100 µl of the supplied elution buffer. This step was
performed at 60°C for 10 mins. to aid DNA recovery. The
tubes were vortexed, centrifuged and supernatants trans-
ferred to 0.5 ml low-retention flat-cap tubes (Alpha Labs).
Dilutions of the extracts (1/5, 1/10 and 1/20) were pre-
pared to overcome PCR inhibition and 5 µl of each
assayed.
Study 2. This was similar to study 1 except that after heat-
killing for 5 mins. in the boiling bath, extracts were "snap"
frozen 3 times in liquid nitrogen to assist with disruption
of mycobacteria. DNA was then extracted as described for
study 1.
DNA extraction method for mycobacterial reference 
strains
Colonies of M. tuberculosis H37Rv, H37Ra, CDC1551 and
M. microti (NCTC NC08712-04, NC8710-04 and
NC8337-01) were removed from the growth media, heat-
killed for 5 mins. at 100°C and genomic DNA partially
purified using the bioMérieux NucliSens™ kit following
the manufacturers' instructions. Isolates of MOTT sup-
plied by VLA Weybridge were heat-killed and cells and
other debris pelleted by centrifugation at 10,000 × rpm
(5,500 × g) for 10 mins. and the supernatant used directly
in PCR experiments.
Measures to prevent contamination
Throughout the extraction procedure great care was taken
to avoid cross-contamination between samples. Gloves
were changed frequently. The overall strategy emphasizes
the use of physical barriers with separate areas for extrac-
tion, PCR set-up and product analysis. At Imperial College
this comprises a two-laboratory three-workstation
method. Sample extraction and PCR set-up take place at
separate areas of laboratory one and PCR product analysis
in laboratory two. Filtered air is ducted and diffused sepa-
rately into both laboratories with extraction through the
second laboratory, minimizing the chances for air-borne
contamination of laboratory one. Separate sets of pipettes
were used for PCR set-up and product analysis. The former
was stripped and cleaned in detergent and ethanol before
each experiment. Filter tips were used routinely. Surfaces
and equipment in contact with sample tubes (centrifuges,
rotors, mixers, etc.) were cleaned before each assay.
Tissue culture
Tissue was also taken for routine culture. Tissue slices (3
mm) were placed in a large mortar (110 mm diameter)
and ground with 5 cm3 sterile glass beads. Thirty ml of 5%
oxalic acid was added to the mortar, the contents mixed,
left for 10 mins. and then centrifuged for 10 minutes at
1100 × g. The acid supernatant was discarded; the tissue
homogenates re-suspended in 20 ml of 0.85% saline and
the centrifugation step was repeated. The saline superna-
tant was discarded and the residues re-suspended in a fur-
ther 10 ml of 0.85% saline. Aliquots of this final
suspension (300 µl) were inoculated onto six slopes of
media comprised of 1 LJ base, 1 LJG, 1 LJP and 3 modified
7H11 [40]. The media were incubated for 6 weeks at
37°C.
Histology
Approximately 1 cm3 portions of lesioned lymph node
material (study 2) were placed into sterile universals con-
taining buffered formalin for routine histological exami-Page 7 of 11
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included in study 1, which were part of a large backlog of
specimens accumulated after the foot and mouth out-
break of 2001.
Heat inactivation trial of M. bovis with NucliSens™ lysis 
buffer
This experiment was carried out to determine the efficacy
of the lysis buffer with or without heat treatment in killing
M. bovis isolated from cattle VL tissues.
A confirmed VL tissue sample (AF61/2834/02) was
homogenised using a pestle and mortar and 18 ml of
NucliSens™ lysis buffer was added at RT. The suspension
was then pipetted back equally into two 9 ml tubes to pro-
vide a heated and unheated control sample. Additionally,
a 1 ml aliquot of viable M. bovis AF61/2122/97 (6 × 107
CFU/ml) was added to two tubes of 9 ml NucliSens™ lysis
buffer again for heating and an unheated control. The
heated samples were then placed in a water bath at 95°C
for 5 minutes. 300 µl of each treated sample was then
inoculated onto 4 labelled 7H11 slopes. Four aliquots
(300 µl) of AF61/2122/97 (untreated) were also inocu-
lated onto 7H11 slopes as a positive control. The slopes
were incubated at 37°C for 6 weeks.
PCR
Three PCR tests were routinely applied to all presumptive
cases of M. bovis. The primer sequences and cycling
parameters are shown in Table 2. The first of these was a
housekeeper gene for cattle DNA. The chosen target was
the bovine mitochondrial cytochrome b gene (cyt b) and
specific primers were selected to amplify a 359 bp product
from this region (accession No. D34635). This product
contains a 307 bp variable region and restriction fragment
length polymorphism (RFLP) analysis permits identifica-
tion of species if required [41]. The cytb method was run
to ensure recovery of bovine DNA and removal of PCR
inhibitors.
The second test was used to screen for MTB complex
mycobacteria and used primers to the core region of the
multi-copy element IS1081, generally present in 6 copies
[23]. Thirdly, to confirm presence of classical M. bovis in
cattle VL extracts we used primers which flanked a region
of difference (RD) in the bovine lineage known as RD4
[42]. The use of flanking primers ensured that PCR prod-
ucts were formed only if the deletion was present.
Size differences between PCR amplicons and identical
magnesium requirement allow the methods to be com-
bined as a multiplex test if required (e.g. Figure 1). In the
present study they were applied individually to maximise
sensitivity. Template blanks (water) and extraction con-
trols, consisting of lysis buffer minus tissue extract, were
included in every assay.
"Hot-start" PCR was performed in a final volume of 25 µl
using the Corbett Research RotorGene 3000 real-time
platform and the Excite Core kit (BioGene). This is a con-
venient uracil-N-glcosylase-ready kit which permits
restriction of any carryover amplicons with uracil glycosy-
lase, should this be required. All primers were used at a
concentration of 25 pmoles/tube. SYBR Green dye (Bio-
Gene) was included in the PCR master mix at a final dilu-
tion of 1/55,000 of the stock. This dilution was found
optimal in preliminary experiments and allowed the reac-
tions to be followed on the Corbett platform. The recom-
mended Taq polymerase was increased from 0.5 U to 1.5
U per reaction to overcome PCR inhibition. Annealing
temperatures were first determined using a gradient block
on a PCR Express thermal cycler (Hybaid Ltd). Magne-
sium optima were found using the RotorGene 3000 real-
time PCR platform (Corbett Research). After an initial
denaturation step (8 min at 95°C), 45 cycles of amplifica-
tion were performed as follows: denaturation at 95°C for
10 s, annealing at optimal temperature (range 54 – 64°C)
for 30 s, extension at 72°C for 20 s and acquisition of flu-
orescent signal at 85°C. At this temperature, most primer-
dimers were not seen during the run. A final extension was
performed at 72°C for 2 min. Melt analysis was per-
formed at the end of the run to screen for positive samples
using the RotorGene software. Familiarity with the melt-
ing characteristics of the 3 PCR products enabled positives
Table 2: PCR primers and parameters
PCR Primer Sequence [Mg] mM Anneal temp. Amplicon size (bp) Tmelt Celsius
Bos taurus cytb F 5'-CCATCGAACATTTCATCATGATGGAA-3' 2.0 64 359 95
cytb R 5'-GCTCCTCAGAATGATATTTGTCCTCA-3'
IS1081 F2 5'-CTGCTCTCGACGTTCATCGCCG-3' 135 94
R2 5'-GGCACGGGTGTCGAAATCACG-3' 2.0 58 113
R3 5-TGGCGGTAGCCGTTGCGC-3
RD4 flanking F1 5'-AATGGTTTGGTCATGACGCCTTC-3' 58 176 92
F2 5-TGTGAATTCATACAAGCCGTAGTC-3 2.0 142
R1 5'-CCCGTAGCGTTACTGAGAAATTGC-3'Page 8 of 11
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an aliquot of each product was run out on 3% agarose for
comparison with a 100 bp DNA ladder (Invitrogen).
Quantitative real-time PCR (QPCR)
A quantitative version of the IS1081 PCR was developed
for comparing copies of MTB complex genomes recovered
from different VL samples. When this quantitative PCR
assay was run on the Corbett Rotor-Gene 3000, VL extracts
were assayed in duplicate and DNA standards were run in
triplicate. The standard consisted of 5 µg of M. bovis DNA,
strain AF 2122/97 which was partially purified using the
bioMérieux kit from culture material held at the VLA ref-
erence laboratory. Serial dilutions of this stock (over the
range 10-1 to 10-6, 2,500 pg/5 µl to 0.25 pg/5 µl) were pre-
pared in 1x TE buffer containing transfer tRNA (tRNA,
Sigma) as a carrier at a final concentration of 245 µg/ml.
Concentration of DNA in the stock was determined using
a Varian Cary 50 UV-VIS spectrophotometer (Varian Inc.
Walnut Creek, California, USA). To maximize consistency
between runs, each standard (200 µl) was sub-aliquoted
into 20 µl volumes and stored at -20°C. One set of stand-
ards was thawed before use and any remnants discarded.
To further minimise loss of DNA onto plasticware, low
retention plastic micro tubes (AlphaLabs) were used
throughout for storage of extracts and for conventional
and quantitative PCR. Quantitation analysis was made by
interpolating cycle threshold (ct) values of samples
against those for the standards using the Rotor-Gene soft-
ware.
Spoligotyping
PCR-based typing (Spacer-OLIGOnucleotide typing –
'spoligotyping') was performed at VLA Weybridge on all
positive cultures identified at week 6. The standard proto-
col of Kamerbeek was followed [16]. Spoligotyping was
also performed on 47 DNA extracts prepared for study 1
at Imperial College using a modified procedure in which
the cycle number was increased from 35 to 43 and addi-
tional Taq polymerase was added (1.5 U cf. 0.5 U). A fur-
ther 38 extracts prepared for study 2 were spoligotyped at
VLA using the standard protocol. Authoritative names for
spoligotype patterns were obtained from the M. bovis spo-
ligotype database world wide web site [43].
Validation of the IS1081 and RD4 PCR methods
Specificity testing was undertaken on a variety of reference
and field isolates of the M. tuberculosis complex held at
Imperial College London and VLA Weybridge. The strains
tested included M. canetti (Somalia), M. tuberculosis
H37Rv and H37Ra and CDC 1551. The methods were
tested against three reference strains of M. microti (NCTC
NC08712-04, NC8710-04 and NC8337-01) and on 30
field isolates of M. microti from diverse animal species
(spoligotypes 18, 28, 32 & 34). A number of strains caus-
ing disease in animals were also used for PCR validation.
These included the sequenced reference strain M. bovis
AF2122/97, M. bovis BCG Pasteur and a panel of 10 M.
bovis isolates with different spoligotypes commonly iso-
lated in the UK (Table 3). Additionally, the RD4 PCR was
tested on an isolate from a fur seal, now recognized as a
distinct member of the complex, M. pinnipedii [44].
Mycobacterial species other than tuberculosis (MOTT)
were also used in the assessment of PCR specificity. The
strains tested included M. paratuberculosis (NCTC 8578),
M. xenopi (NCTC 10042), (M. gordonae (NCTC 10267),
M. fortuitum (NCTC 10394), M. intracellulare (NCTC
13950), M. marinum (NCTC2275) and M. avium (NCTC
8559).
Minimum detection limits
The minimum detection limits for the IS1081 and RD4
methods were compared by testing serial dilutions of
genomic DNA partially-purified from M. bovis strain
AF2122/97 diluted in TE buffer, pH 7.0. Initial concentra-
tion of the DNA working stock was determined by spec-
trophotometry as described above for QPCR.
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9 61/0681/01 25 SB0124
10 61/1307/01 35 SB0134Page 9 of 11
(page number not for citation purposes)
BMC Veterinary Research 2007, 3:12 http://www.biomedcentral.com/1746-6148/3/12References
1. Garnier T, Eiglmeier K, Camus JC, Medina N, Mansoor H, Pryor M,
Duthoy S, Grondin S, Lacroix C, Monsempe C, Simon S, Harris B,
Atkin R, Doggett J, Mayes R, Keating L, Wheeler PR, Parkhill J, Barrell
BG, Cole ST, Gordon SV, Hewinson RG: The complete genome
sequence of Mycobacterium bovis.  Proc Natl Acad Sci USA 2003,
100:7877-7882.
2. Smith NH, Kremer K, Inwald J, Dale J, Driscoll JR, Gordon SV, van
Soolingen D, Hewinson RG, Smith JM: Ecotypes of the Mycobac-
terium tuberculosis complex.  J Theor Biol 2006, 239:220-225.
3. Gallagher J, Clifton-Hadley RS: Tuberculosis in badgers; a review
of the disease and its significance for other animals.  Res Vet
Sci 2000, 69:203-217.
4. Delahay RJ, Cheeseman CL, Clifton-Hadley RS: Wildlife disease
reservoirs: the epidemiology of Mycobacterium bovis infec-
tion in the European badger (Meles meles) and other British
mammals.  Tuberculosis (Edinb) 2001, 81:43-49.
5. Delahay RJ, Smith GC, Barlow AM, Walker N, Harris A, Clifton-Had-
ley RS, Cheeseman CL: Bovine tuberculosis infection in wild
mammals in the South-West region of England: A survey of
prevalence and a semi-quantitative assessment of the rela-
tive risks to cattle.  Vet J 173(2):287-301. 2006, Jan 21
6. Mathews F, Macdonald DW, Taylor GM, Gelling M, Norman RA,
Honess PE, Foster R, Gower CM, Varley S, Harris A, Palmer S,
Hewinson G, Webster JP: Bovine tuberculosis (Mycobacterium
bovis) in British farmland wildlife: the importance to agricul-
ture.  Proc R Soc B 2006, 273:357-365.
7. de Lisle GW, Mackintosh CG, Bengis RG: Mycobacterium bovis in
free-living and captive wildlife, including farmed deer.  Rev Sci
Tech 2001, 20:86-111.
8. O'Reilly LM, Daborn CJ: The epidemiology of Mycobacterium
bovis infections in animals and man: a review.  Tuber Lung Dis
1995, 76:1-46.
9. Barlow AM, Mitchell KA, Visram KH: Bovine tuberculosis in llama
(Lama glama) in the UK.  Vet Rec 1999, 145:639-640.
10. Robinson P, Morris D, Antic R: Mycobacterium bovis as an occu-
pational hazard in abattoir workers.  Aust NZJ Med 1988,
18(5):701-703.
11. Rodriguez JG, Mejia GA, Del Portillo P, Patarroyo ME, Murillo LA:
Species-specific identification of Mycobacterium bovis by
PCR.  Microbiology 1995, 141:2131-2138.
12. Smith RM, Drobniewski F, Gibson A, Montague JD, Logan MN, Hunt
D, Hewinson G, Salmon RL, O'Neill B: Mycobacterium bovis infec-
tion, United Kingdom.  Emerg Infect Dis 2004, 10:539-541.
13. Gibson AL, Hewinson G, Goodchild T, Watt B, Story A, Inwald J,
Drobniewski FA: Molecular epidemiology of disease due to
Mycobacterium bovis in humans in the United Kingdom.  J Clin
Microbiol 2004, 42:431-434.
14. Gilbert M, Mitchell A, Bourn D, Mawdsley J, Clifton-Hadley R, Wint
W: Cattle movements and bovine tuberculosis in Great Brit-
ain.  Nature 2005, 435(7041):491-496.
15. DEFRA   [http://www.defra.gov.uk/animalh/tb/strategy/newstrat
egy.htm]
16. Kamerbeek J, Schouls L, Kolk A, Van Agterveld M, Van Soolingen D,
Kuijper S, Bunschoten A, Molhuizen H, Shaw R, Goyal M, Van Embden
J: Simultaneous detection and strain differentiation of Myco-
bacterium tuberculosis for diagnosis and epidemiology.  J Clin
Microbiol 1997, 35:907-914.
17. Hewinson RG, Vordermeier HM, Smith NH, Gordon SV: Recent
advances in our knowledge of Mycobacterium bovis: A feeling
for the organism.  Vet Microbiol 2006, 112:127-139.
18. Taylor MJ, Hughes MS, Skuce RA, Neill SD: Detection of Mycobac-
terium bovis in bovine clinical specimens using real-time fluo-
rescence and fluorescence resonance energy transfer probe
rapid-cycle PCR.  J Clin Microbiol 2001, 39:1272-1278.
19. Roring S, Hughes MS, Skuce RA, Neill SD: Simultaneous detection
and strain differentiation of Mycobacterium bovis directly
from bovine tissue specimens by spoligotyping.  Vet Microbiol
2000, 74:227-236.
20. Wards BJ, Collins DM, de Lisle GW: Detection of Mycobacte-
rium bovis in tissues by polymerase chain reaction.  Vet Micro-
biol 1995, 43:227-240.
21. Zanini MS, Moreira EC, Lopes MT, Oliveira RS, Leao SC, Fioravanti
RL, Roxo E, Zumarraga M, Romano MI, Cataldi A, Salas CE: Myco-
bacterium bovis : polymerase chain reaction identification in
bovine lymphonode biopsies and genotyping in isolates from
Southeast Brazil by spolygotyping and restriction fragment
length polymorphism.  Mem Inst Oswaldo Cruz 2001, 96:809-813.
22. Brosch R, Gordon SV, Marmiesse M, Brodin P, Buchrieser C, Eigl-
meier K, Garnier T, Gutierrez C, Hewinson G, Kremer K, Parsons
LM, Pym AS, Samper S, van Soolingen D, Cole ST: A new evolution-
ary scenario for the Mycobacterium tuberculosis complex.
Proc Natl Acad Sci USA 2002, 99:3684-3689.
23. Dziadek J, Sajduda A, Borun TM: Specificity of insertion
sequence-based PCR assays for Mycobacterium tuberculosis
complex.  Int J Tuberc Lung Dis 2001, 5:569-574.
24. Gordon SV, Brosch R, Billault A, Garnier T, Eiglmeier K, Cole ST:
Identification of variable regions in the genomes of tubercle
bacilli using bacterial artificial chromosome arrays.  Mol
Microbiol 1999, 32:643-655.
25. Takade A, Umeda A, Matsuoka M, Yoshida S-I, Nakamura M, Amako
K: Comparative studies on the cell structures of Mycobacte-
rium leprae and M. tuberculosis using the electron microscopy
freeze-substitution technique.  Microbiol Immunol 2003,
47:265-270.
26. Brennan PJ, Nikaido H: The envelope of mycobacteria.  Annu Rev
Biochem 1995, 64:29-63.
27. Afghani B, Stutman HR: Polymerase chain reaction for diagnosis
of M. tuberculosis: comparison of simple boiling and a conven-
tional method for DNA extraction.  Biochem Mol Med 1996,
57:14-18.
28. Heginbotham ML, Magee JT, Flanagan PG: Evaluation of the Idaho
Technology LightCycler PCR for the direct detection of
Mycobacterium tuberculosis in respiratory specimens.  Int J
Tuberc Lung Dis 2003, 7:78-83.
29. Tell LA, Foley J, Needham ML, Walker RL: Comparison of four
rapid DNA extraction techniques for conventional polymer-
ase chain reaction testing of three Mycobacterium spp. that
affect birds.  Avian Dis 2003, 47:1486-1490.
30. David HL, Levy-Frebault V, Dauguet C, Grimont F: DNA from
Mycobacterium leprae.  Acta Leprol 1984, 2:129-136.
31. Zhang ZQ, Ishaque M: Evaluation of methods for isolation of
DNA from slowly and rapidly growing mycobacteria.  Int J Lepr
Other Mycobact Dis 1997, 65:469-476.
32. Mangiapan G, Vokura M, Schouls L, Cadranel J, Lecossier D, Van
Embden J, Hance AJ: Sequence capture-PCR improves detec-
tion of Mycobacterial DNA in clinical specimens.  J Clin Micro-
biol 1996, 34:1209-1215.
33. Aldous WK, Pounder JI, Cloud JL, Woods GL: Comparison of six
methods of extracting Mycobacterium tuberculosis DNA
from processed sputum for testing by quantitative real-time
PCR.  J Clin Microbiol 2005, 43:2471-2473.
34. Christopher-Hennings J, Dammen MA, Weeks SR, Epperson WB,
Singh SN, Steinlicht GL, Fang Y, Skaare JL, Larsen JL, Payeur JB, Nelson
EA: Comparison of two DNA extractions and nested PCR,
real-time PCR, a new commercial PCR assay, and bacterial
culture for detection of Mycobacterium avium subsp. paratu-
berculosis in bovine feces.  J Vet Diagn Invest 2003, 15:87-93.
35. Boom R, Sol CJA, Salimans MMM, Jansen CL, Wertheim-van Dillen
PME, van der Noordaa J: Rapid and simple method for purifica-
tion of nucleic acids.  J Clin Microbiol 1990, 28:495-503.
36. Bouwman AS, Brown TA: Comparison between silica-based
methods for the extraction of DNA from human bones from
18th–19th century London.  Ancient Biomolecules 2002, 4:173-178.
37. Mustafa AS, Abal AT, Chugh TD: Detection of Mycobacterium
tuberculosis complex and non-tuberculous mycobacteria by
multiplex polymerase chain reactions.  East Mediterr Health J
1999, 5:61-70.
38. Parsons LM, Brosch R, Cole ST, Somoskovi A, Loder A, Bretzel G,
Van Soolingen D, Hale YM, Salfinger M: Rapid and simple
approach for identification of Mycobacterium tuberculosis
complex isolates by PCR-based genomic deletion analysis.  J
Clin Microbiol 2002, 40:2339-2345.
39. Sales MPU, Taylor GM, Hughes S, Yates M, Hewinson G, Young DB,
Shaw R: Genetic diversity among Mycobacterium bovis iso-
lates: a preliminary study of strains from animal and human
sources.  J Clin Microbiol 2001, 39:4558-4562.
40. Gallagher J, Horwill DM: A selective oleic acid albumin agar
medium for the cultivation of Mycobacterium bovis.  J Hyg
Camb 1977, 79:155-160.
41. Meyer R, Höfelein C, Lüthy J, Candrian U: Polymerase chain reac-
tion-restriction fragment length polymorphism analysis: APage 10 of 11
(page number not for citation purposes)
BMC Veterinary Research 2007, 3:12 http://www.biomedcentral.com/1746-6148/3/12Publish with BioMed Central   and  every 
scientist can read your work free of charge
"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published immediately upon acceptance
cited in PubMed and archived on PubMed Central 
yours — you keep the copyright
Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp
BioMedcentral
simple method for species identification in food.  Journal of
AOAC International 1995, 78:1542-1551.
42. Gordon SV, Eiglmeier K, Garnier T, Brosch R, Parkhill J, Barrell B,
Cole ST, Hewinson RG: Genomics of Mycobacterium bovis
(Review).  Tuberculosis (Edinb) 2001, 81:157-163.
43. The Mycobacterium bovis Spoligotype Database   [http://
www.Mbovis.org]
44. Cousins DV, Bastida R, Cataldi A, Quse V, Redrobe S, Dow S, Duig-
nan P, Murray A, Dupont C, Ahmed N, Collins DM, Butler WR, Daw-
son D, Rodriguez D, Loureiro J, Romano MI, Alito A, Zumarraga M,
Bernardelli A: Tuberculosis in seals caused by a novel member
of the Mycobacterium tuberculosis complex: Mycobacterium
pinnipedii sp. nov.  Int J Syst Microbiol 2003, 53:1305-1314.Page 11 of 11
(page number not for citation purposes)
